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ABSTRACT 

Tlie interactions between horiz *ntal ambient flow and divergent wind fields, 
such as tliosc that obtain atop cumulonimbus complexes, were investigated 
(tlicorcdcally) kincniatically in this study. Tlte following were observed from the 
results of die analyses. First, for a particular divergent field the relative mass 
flux over die area of die nephsystein dccreasc*d as die strength of die horizontal 
flow increased. Secondly, wtiile in some of the cases analyzed die interaction 
between the two flows only resulted in the fanning out of streamlines and a sliglit 
redistribudon in the wind speed, in many cases backflows and a total rcorganiza* 
tion of die wind field occurred. Backflows have a blocking effect on die horizontal 
flow. Some of the computed patterns were compared widi upper-level cloud vectors 
(from geostationary satellite piiotographs). Hie comparison indicated diat the 
computed resultant wind field could be used to explain some features of such 
satellite-derived wind fields. 


I. INTRilOUCnON 


ScvordI Invcsugiitions i>f thuiuk*rHtorin ctunploxi's (xmiu to ilio fact that 
outflows friHO si*vcrc cuimilonimlHis clouits act to ciihuticc or imnlify the upiXT- 
level fUnv, Results fix>m tiivesti^^Uioiis l>y Maclean (h>ol), ^'uj^lu aiui llruillHiry 

Ninoiulya (1^71), llahy aiul I'oieut (1^73), Chan>; aiul 'IVcson (l'J74), and 
l•’uJila (1^74) etc, , underscore Uie need for further investigation i>f the anvil 
airflow over Umnderstorm compU*xes, Among other things, their investigations 
show that theix' is a relationship Iviween vertical mass irans{x>rt and the spreading 
rate of thundercloud anvils, nie spreading rate is also, no doubt, influenctxl li>’ 
the ambient wind. Studies of the anvil grow'th are. therefore, considered nect'ssary 
for complete investigation of the interaction iH^tweeii small scale convective dis* 
turlxnice and large-sca'e amiostilieric circulatioii--es|X’ciully in the ln>ivcs. 
Information alxnit the fbw field at the anvil level is ver\- necessary for tlie stiuK 
of the interaction Ix'tween higli-level hori/uiial uir flow and ilie diverging higli 
clouiLs from ihuiulersttirm ci'mplexes. One way of obtaining such information is 
Iw the use of time-la|we |iuotograt>lis of thunderstorm complexes from geostationary 
meitHirological satellites. 

Cloud |^uaogra|>lis from geosiatmnary satellites have been used successfully 
to esiimate lx>tli low-level and higli-Ievel wiiul fields in tlie atmost^liere, Kxamples 
of such comjxitaiioiis are extant in the literature: for example. 1‘ujita et al. (O> 0 S), 
Caby and I'oleat (0*73). and L'hang and I'ecson (Id74). Pie procedure involves 
tracing small elnuents of Uw-level aiul liigti-Ievel cloiuls from time-la[>se movie 
Uxips made friMii such cb>iul |ilunograplis, ^‘r^xll these traces, estimates of Uw 
level and upjx*r-level wind fielas are compuietl. b'rom such satellite-derived wind 
fields. imiv>riani characteristics of certain mesoscale and large-scale aimosjilieric 
systems have Ikvii obtained (see Pujlta et al. , 0*oS). 

In the iiptx’r atmospheric regions (U*iween 300 mb level and 2tK) mb level) 
over an area of convective nefilisystems , the cloud velixdties obtained by tracing 
elements of higli-level cUnids are the rc*sultant flows IxMween the ambient wind and 
the uptXM*-level fields of cirrus outflows from convevtive neplisysiems. However, 
tlie features of ilie resultant fUws are usually not clearly established from winds 
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estimated from cloud motionH, primarily InrcauHc sufficient cloud elements could 
not be traced over the area of interest, A computed resultant wind is then 
desirable to give an insigtu into the influence of die upper-level winds over such 
nephHystcms. Ihe interaction between tile ambient wind and Uie outflow often 
leads to the modification of lx3tii wind fields. The effect of such modification on 
the furdicr development of the nephsystem has not lx;en properly ascertained. 

Such information will certainly be useful for tlie further understanding of some 
features of neplisystems witii ov'*rshooiing tops. In this study some computations 
have lHx;n carried out to produce die general resultant flow configurations wticn an 
area of divergence is superimposed on a imiform flow, Tlie resultant iiatterns 
are discussed vis-a-vis some results already obtained from actual computations 
of cloud velocities over neplisystems . 

2. GENERAL PROCIiDURE FOR COMPUTATIONS OF THE RUSULTANT FLOW 

nic distribution of tlivergence over an area 6()0 km in diameter was as 
shown in Fig. 1. Six regions were demarcated l>y six concentric circles of 
radius r^ (n * 0, 1,2,3. 4. 5). Tlie innemiost region was assigned a divergence 
value , which decreases linearly outwards to zero. It is assumed that in real 
situations, diverging cirrus outflow Is strongest at die center of Uie system and 
weakens unvards the outcniiost ring, nirec values of were used in die compu- 
tation, viz U) ^ sec 10 ^ see 10 ^ sec \ Tlie innermost circle has a radius, 
r^ . equal to 50 km. and the subsequent circles--rp r 2 < r^, r^. r^ -- have radii 
c'qual to UX) km, 150 km. 200 km, 250 km. and 300 km, respectively. 

These fields of divergence were superimposed on uniform horizontal flow - 
Uq = 5 m sec \ 10 m sec 25 ni sec \ 50 m sec \ and 100 m sec \ Hie pairs 
= 10 ^ sec \ = 100 m sec * , and Dq = 10 ^ sec V = 5 m sec ^ repre- 

sented a superimposition of a very strong horizontal flow over an area of strong 
divergence and a superimposition of a very weak divergence on a weak wind field, 
respectively. Tlie flow fields representing tliese situations and Uie inienncdiate 
ones were computed. Tlie characteristics of die mass flow in the general area of 
diverging winds were studied by considering the resultant flow along a common 
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J'ig, 1, niatrlbutlon of dlvorf.^onct* 
vfilut*e uooii in computation. 


diimu'lor, XX* . of the concenulc circles in the general ilirivnon of the ainhieni 
flow. Pie resultant flow aUmg this diameter is normali/ed l>>’ the value of ambient 
fU>w in each of the cases considered aiul pUHled as a function of distance along each 
diameter. 

3. KXPKKSSIO NS USi:i) IN a>Nmi rATlONS 

lb develop a working expression for comt>utaiit»n i>f the iliverging winds, 
the following assumptions were made. 

1‘irst. the region of the diverging winds was assumed to 
he one kilometer thick. 

Secondly, the radial veUvities of the diverging fU>w was 
assumed to Iv unifonii Ixuh circumferentially and vertically 
througiiout the ime kilometer layer. 

Piirdly. the diverging WiUds were assumed to approximate 
the hctiaviour of cirrus ouifb»ws from tluuulerstorm complexes. 
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Fourthly, it was assumed ttiat die diverging pattern was 
stationary--no rotation or translation. The condition of no shear 
in the ambient flow was also assumed, 

Witii diesc assumptions and wltii die use of the divergence dteorem, die 
radial velocity, Vr^ , at each radial distance, , was computed from the 
expression 

2 <«•„ - )D„ 

V>-n - Vr„., + 2 2 ’ 

••n - 

where Is the value of at Tj, , 

4. RKSULTANT FLOW AND HORIZaNTAL MASS FLUX 

Ttie nature of a pure diverging streamline shown in Pig. 2. When a 
uniform stream is superimposed on dds. a resultant flow is computed at an azimudial 
Interval of ten degrees on each circle of radius ; tliat is, at thirty-six points on 
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Fig. 2. Streamlines for pure 
diverging winds. 
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each circle, using slinplc trigonometric relations. From the distribution of the 
magnitude and direction of these resultant winds, the resultant streamlines and 
isotachs are drawn for each situation considered, ik^causc the patterns of resultant 
winds obtained are symmetric about the common diameter XX* of the concentric 
circles, only half of the patterns are shown in the upper-parts of Figs. 4-7. 

As seen from the Isotachs drawn on the patterns, the maximum and mini- 
mum resultant windspeeds occur along the common diameters XX*. A grapli of 

the normalized resultant wind U* (normalized by the value of the ambient flow. 

Uxx^ I 

that is U* ■ — rj — ) along the diameters XX' as a function of distance is shown 
in the lower parts of Figs. 4-7. If a unit distance perpendicular to XX is con- 
sidered in each case, then die curves will represent the mass flux along the diame- 
ters in the units of the mass flux transported by the unifonn flow, 

5. COMPUTED STREAMLINES 

Hie resultant streamlines can be discussed under four broad categories: 
weak flow and weak divergence weak flow and strong divergence, strong flow and 
weak divergence, and strong flow and strong convergence. 

before each category of streamline pattern is discussed, it is necessary to 
identify some points along xx* which will help in explaining some features of die 
resultant flow, TIjese points are x j^, Xl^. Xq . and O. Points s and Xq 
can only be identified in some of the patterns; in others, such points do not exist. 
These two points exist only in situations where the resultant flow exhibits a blocking 
effect. 

Point S is a stagnation point and has the same meaning as in classical 
fluid mechanics. Point X^ is the apparent source of diffluent flow, and O is die 
origin of die pure divergent flow associated with each pattern, 

Tlie distance Xj^X^* denotes die extent along XX* of die influence of die 
interaction between the nephsystem and the flow. The length XXj^* varies from 
pattern to pattern, but in all cases it is greater than 600 km which is the diameter 
of the area of pure diverging winds. 
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In the schematic diagram shown in Fig, 3, a surface, Su , Is defined 
by S*SS"Sq'*SqS^, This schematic representation illustrates the three dlmt»nsional 
features of a blocking-effect situation. 
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Fig, 3. Schematic representation of the 
Interaction between ambient flow and 
the diverging flow. 

Weak Flow and Weak Divergence 

-5 -1 

■pie streamlines obtained for die two cases --D » 10 sec , U * 5 m/s 

- 5-1 -1 o ' 

and “ 10 sec , = 10 m sec --represent the resultant flows for the 

condition of weak flow and weak divergence. In die first case, the upper part of 

Fig. 4A. there was a fanning out of streamlines in the general area of divergence. 

The Isotachs show the distribution of die wind speed in the area of diverging winds, 

Tlierc is an upstream speed convergence and a concentration of generally more 

rapidly moving air downstream, Tliis fact is also indicated by the grapti of 

L^q(1 I 

U* » ' ' against xx in the lower part of Fig. 4, Convergence is indicated 
^o 

between -300 km and -150 km and also between 250 km and 300 km. 

Weak Flow and Strong Divergence 

-4 -1 -1 -4 -1 

The situations = 10 sec , = 5 ms ; = 10 sec , 

Uq = 10 m s S Dq = 10 ^ sec \ = 5 m s’^ and = lO"^ sec’^ Uq ■ 10 m s 




Flp. 5. Streamline patterns for the following aituationsi 


■ 10*^ sec"^ 

• - 5 w sec ^ 

(5A)i 

°o = 

10 ^ sec ^ , 

U * 10 m sec 

= 10 ^ sec ^ 

1 Ojj = 5 PI sec ^ 

(3Ch 


10 ^ sec ^ , 

o 

U ■ 10 m sec 


^ K 
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ropri'Noiit th(H ctHulitioii. lii ull thoHo casoM. the arcaN of lUverpng air hIu>w a 
hlivklng effect (Hec I'lg. S), nu* >ceiieral coiiftgurauon in alnUl.ir to a profile of a 
plane half*lHHt>* priHluceil when u line Mource Ir* Nupi*riinpi>Hed on a uniform Htreain. 
For thene confi|ciirailonH. there 1 h a |ioiiii Uleniifiect aa S aliaig xx^ where tlie 
velivity of the iliverglng air will Iv itpiul in mapiiuiite Ihh i>|iposite in ilireciion to 
llut of the uniform Htream. Pie comhitieil velocit>' 1 h rero at that (loini. In claHMical 
fluiil nuvhanicH Much ixiiiuh are ukMUifleil an Mtu^piatiim [xmuM. and to carr>' the 

I 

aiuilogN' further the line XSS* 1m akin to the Mtagnation Kireamllne, lliat in, ttie 
Htreamline \S ikvN not en.1 at S Init connnueH to aiulKimllarly to which in 

an imaj;i* of S* im Uie oiher nIiU of XX*. PiyHically then, all ilie diverjpnjj fUw 
Will Iv confined inside a Hurface Sy dt'fined In* illuMiratixl 

Nchanattcally in I'i^. d. 


In cluMMical fluid mectianicN, the fliw Inside S^j I** i^nH>red and it is 
astuuned that die Hurface can he replaced hy a nolid Innh' wliile the fliw out- 
side Sjj riiill retains its C(Hifigurati(xi. In this stikh , tuiwever. Ixitli the flow 
iusiik* and iiutslik' are of tm(X)rtance. 

Strong; Flow and Weak Oiver^Mice 

■piis situation is ivpreseiued In* the conditions 0^^ ■ 10 sec 
■ 25 m siv 50 m sec and 100 m sec * (see I'lg. o). In these cases, 
evid».*nce t>f the iliver>nn>: flln^' in the resultant streamline fUw is all Ixit wijvd mu. 

In all cases, lunvever, the resultant isotachs sluin' that the horizontal f'.mv has 
iH'en strenj»ihened. Piere is stved converp-'iice u(vsiream ami sjved divergi'Mce 
downstream. 

Strong IMow and Strong Pivergence 

Pie cases 0^^ 10 sec *. 10 ^ sec ^ and * 25 m stv ', 50 m sec \ 

IIX) m sec represent the condition of strong divergence and strong amhit'hi flow, 

- 4 - 1 

Hie stivamlines depicting this situation are showi in I'tg, 7, When P^ = 10 sec 
the resultant streamlines sluwed a diffluent flow. Tlie spreading of the streamlines 
hecoines less prirtimmced with Increase in the sj>eed of the amhient wind. Wlieii the • 
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Fl^, SlrwirViu' jiattori'^ for tho 
folloMliv •ItAjAtiona, rt'opivtlvolyi 


°o- 

o 

1 

■ 

-1 

ai\* 


t 

80c'‘ 

(t-A'l 


iO-'^ 

-1 

eee 


■*0 r eoo ^ 

(C-P'l 


10’^ 

-1 

600 


100 PI 6»»0 

^ (pc' 


iliVi igciu'c in oixc ouWr of ma>n'itui!c sironp.*r, i.c. 10 * hiv , Ou* rosuUam (Uav 
ftclil is lUffoiXMU. niori' is a "I'jKvkmg " of tlic amhii'iu fUn^' and the j^v'Ui'ral 
charucicristit's of the fUm- is similar to the eases of weak fUni- and siroiij: ili\er>^Mu e. 


o. S.\TKl.UTK-nKRI\’Hn ITPKR-UKVHL WINOS OVHK Nl-mSVSTFMS 

Figure 8 shows the ^ilioiograi^i of a dianu>iut-''UatX'd liumderstonn ei>mple\ 
in the midw'esteni I’nited States Ox'tween 80-3S iVgrees N latiiiule and ^5- UX) 
degrees W longitude) from a digitized ATS pieture, Com|XuatuMi of two-dimensional 
mass fliLX over tlie thunderstorm complex by Fujita and HradtHin' is repro- 

ductHl in Figs. and Figure ^b shi>ws the motion of higii clouds over the 


t 
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complex, relative to radar echoes from the complex. Mass fluxes were computed 
along the lines A. B. C, .... M. which arc orthogonal trajectories to the smooth 
relative streamlines shown in Fig hujiu :ind Bradbury suggested that the 




pig, 7, Streamline pattemo for the following sltuatlonsi 

D = sec"^ , U = 25 m sec"^ (?a)i = 10 ^ sec ^ , U * 50 m sec 

O O 0 0 

D = lO’^ sec"^ , U =* 100 m sec ^ (7C)t = 10 ^ sec ^ “ 25 m sec 

0 0 0 0 


(7B)| 

(7D)| 
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, • t 1 1 % r- ♦- 1 «- » n 1 r i • t I i 1 


KUr. 7. (ContM) Sinvunlliu' piitirnui for Uu* foUowlti^ altimtlomii 
■ 1C ^ o«x' ^ , 11^ ■ SO m o»K' ^ (7K)| ■ lO' ^ qix'"^ , ^ 100 m oeo" ^ ( 
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ri\Uk'lum in maxH flux (rmw lino A to liiK* I"), iK’forc the major convivilvi* ari*o waw 
rt'acht'd. WiiM Jut’ to a hUKking offivt, 'Hio maHH flux liu'rt'ast'd from P to M ovor 
tiu* coiivtvtivc nojilisyHU'm. *n»f HiiuutliMiN ilopu'icd in l*ip<, H. ‘>a. amt ‘Jh arc, 
jH*rliii|v*, Hlmilar to the Hituatuai of fairly KtrixiR horizontal wimls (i.c. , IO-25 m hiv S. 
ovorruimtng a Hirong divcrjctiij; anvil*lcvol fU»w: an hIuwii in I'ij;H, f>h uiul 7a for 
example. In the jxirt of I*ig. Sb two fUnvn Hejm rated l>y' SS* are olwerved. 

Hie maximum K|ved to the nglii *)f SS* In 20 m see \ Tliere is also a smull 
Ixiekflow ixMweeii S and . 'PiiH IxiekfUnv is indicated as ”nej;ative’' fUa in the 
lower |xiri of the fijnire. If the fUw ulonj; XX* is considered, it is observed that 
as the divergi.*nce area is a)>pr(viclied the mass flux is reduced gradually until the 
reguxi of Ixickfhw is reached. After the area of Imckflow. there is a general 
incri'ase in the mass flux. Ibe mass flux increases to n maximum downstream. 

In the up|vr |virt of I'ig. 7a, a Uickflow is not exlubiteil but a general reduction in 
the mass flux is oliserved as the area of 'ne)>lisystem ' is approachcil. and an 
increase in tIu' mass flux is oliserved dtrwnstream. 

l*or tile ciHuputed streamlines in all cases, tliere is a general reduction in 
the mass flux as the area of nejilisysiem Is apprixiched and an increase in the mass 
flux ilownsiri‘am, Ikickfliws are only oUservixl in cases of very strong divergence 
and weiik- to imxlerately -st rong hori/ontal fbws. 

e'igures 10 iiul II tfroin (.'hang and I'ecson. P’74) also show cloud motions 
at liigli levels. \}u,y show the resultant flow Ivtween higli- level flows and up|vr- 
level divergence fields assiK'iaii'd with nej>lisystc‘ms. In these oliserved cases, it Is 
not txissible lo i>i>tain tlie kiiul i>f details one obtains with the ctmi|xited txiiterns. 

Ibe computed |\iilerns can, however, serve as guides to tlie interpretations of 
these saiellite-oliserved txitterns. 


7. CONC'l.l'OINc: KI-MAUKS 

l•rom the foregoing discussion, it is noted that outflows from thunderstorm 
cixnplexes often make an impression on the existing fbnv field at higli levels. In 
SiHue I ases, such impressums are not apixirnit ia the streamlines but are ver>* 
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Computatlono Vrom Fl^. B 







10, i'onu' computat lomi of oloikl motloiiu ovor 
aom*' tjopluiyatonu; ovor Iho Atlantic Ociviii from 
A*n: I'hotoKmrha, {Vt'om Otvuv ajui T»v«on, 1^74) 
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FU:. 11, Otlu'r comjniUit lo!w of cloikt motion over 
nov»wyatt-ma over the Atlatitlc iVi«in fivm ATJ 
^hoto^:r:l^tw, (KiMm Otiiin^ and Tevaon, 1^74) 
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luniccahli* in the diHtnlHition of ttu* wiiuV«poi‘ils. In other casen. the reNultatu 
inteructiiMi inmiifeHtH ttnelf Intth as clianges in the direetton of flow and also In 
tile distrttxitiiNi of die wtiuls|vtx1. Altlunigh the present analyses are purely 
kinematic, yet tliere have Ikvu oi>servatioiLs on cloud scales. lH>th d\’iiamica) and 
thenmul>'namical. which su>q{^’si (see Maclean. I^ol and Ninomiya, 1^71) iliui 
some severe cumulonimlius cltHtds act to enhance the upix’r-level flow. 

'llie salient |xiints oliserved from the results of the kinematic analysis 

are; 

First, for a (lurticular diverj;:i*nce field. l\j . the relative mass 
flux over the area of ne{ilisystem devreases as die strength of the 
hori/ontul flow increast's, 

Scvondly. conditions of liackflows tveur over areas of strong 
divergence and relatively weak up|vr- level winds. See F'tgs, Sa. 5d, 
and F’igs. 7d-7f. In cases of backflow, it is noted that llie ’scxirce* 

W'as Uvated to ilie left of the 'source' O of a pure diverging fhnv 
on which the uniform liori/ontal flow was sutx rim|x>sed. 

Hiirdly, the Ixickflows have a blocking effivt on the horizontal 
flow. In thc»se cases, the distance Ivtween the ap^xirent source X^, of 
the Ixickflow and tlie center of the pure diverging flow. O increases 
widi increasing ambient flow for a (xirticular divergence field . 

llie (piestions that come to mind after carr> ing out these analyses are: 

Do net>lisystems have a better chance of development in areas wliere the existing 
uptvr w'liuLs are liglit tiian at Uxutions wliere there are winds i>f jet s|X’eiLs? Do 
very severe ciaivective activities occur in situations of tiackflows? Diese questitms 
cannot Ix' answered from purely kinematic analyses. Only a combination of ih nami 
cal and thernuHlynamical analyses of w'ell-divumenied cases of interaction Ixuween 
anvil air flow and ambient wind can throw some ligiit on these questions. 
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